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ABSTRACT 

We provide a physical interpretation and explanation of the morphology-density relation for galaxies, 
drawing on stellar masses, star formation rates, axis ratios and group halo masses from the Sloan 
Digital Sky Survey. We first re-cast the classical morphology-density relation in more quantitative 
terms, using low star formation rate (quiescence) as a proxy for early-type morphology and dark matter 
halo mass from a group catalog as a proxy for environmental density: for galaxies of a given stellar 
mass the quiescent fraction is found to increase with increasing dark matter halo mass. Our novel 
result is that - at a given stellar mass - quiescent galaxies are significantly flatter in dense environments, 
implying a higher fraction of disk galaxies. Supposing that the denser environments differ simply by 
a higher incidence of quiescent disk galaxies that are structurally similar to star-forming disk galaxies 
of similar mass, explains simultaneously and quantitatively these quiescence -nvironment and shape- 
environment relations. Our findings add considerable weight to the slow removal of gas as the main 
physical driver of the morphology-density relation, at the expense of other explanations. 
Subject headings: galaxies: clusters: general — galaxies: elliptical and lenticular, cD — galaxies: 

formation — galaxies: fundamental parameters — galaxies: general — galaxies: 

statistics — galaxies: structure 



1. INTRODUCTION 

It has been known for many decades that galaxy mor- 
phology and environment are correlated (|Smithl 119351 : 
lZwickylll942t ISandagel ll961). In dense environments the 
fractions of elliptical and SO galaxies are higher than in 
low-density environments, at the expense of a decreased 
fraction of spira l and irregular galaxies (jDresslerl 119801 : 
IVogt et all 12004ft . This trend is uni versal and persists 
over a large dynamic range in density (jPostman fc Gellerl 
1984). SO and spiral galaxies have in common that they 
have rotationally supported stellar disks. This suggests 
that there may be a direct evolutionary link, in the sense 
that SO galaxies could be the descendants of spiral galax- 
ies that had their star-formation activity truncated. 

The existence of the morphology-density relation 
(MDR) suggests that this process may be related to 
the environment (see, e.g., Bosclli fc Gavazzil I2006L for 
an overview of the field). Such a process generally in- 
volves the partial or entire removal of the gaseous inter- 
stellar medium from galaxies that become satellites in 
larger dark matter halos, through interaction with the 
intergalactic medium. Fast, rather violent stripping of 
a galaxies' entire inte rstellar medium is o ften consid- 
ered a viable option (|Gunn fc Gottl [19721 : IQuilis et al.1 
12000ft . but also more gentle stripping of hot gas out- 
side the cold dis k (lLarson et all 1 19801: iBekki et all 120021: 
IMcCarthv etalM OQS) , often called 'starvation' or 'stran- 
gulation', and the gradual s tripping of neutral gas from 
the outer parts of disks fe.g.. lChung et aLll2007ft are com- 
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monly invoked. In any cas e, gas-deficient spiral galax - 
ies in clusters do exist (e.g.. iGiovanelli fc Havnesl 1 1985ft , 
which indicates that gas stripping occurs. Eventually, 
in all these scenarios, gas stripping removes the fuel for 
star formation, presumably producing a quiescent galaxy 
which is similar to a normal spiral galaxy in terms of 
its struct ural properties s uch a s its bulge-to-disk ratio. 
Early on, Ivan den Berghl (11976ft de s cribed such gas-free, 
'amenic' spirals, and iBalogh et al.l ([1998) observed how 
cluster galaxies have lower star formation rates than field 
galaxies with the same bulge-to-disk ratio. 

However, if SOs occur when a spiral galaxy is stripped 
from its gas by interaction with the intragalactic 
medium, how do we explain the ubiquitous presence 
of SOs outside dense environment? Moreover, over the 
years, it has become clear that SO galaxies differ from 
the spiral galaxies in several important ways, implying 
that the SO population as a whole is not simply a pop- 
ulation of disk galaxies with little or no star formation. 
SO galaxies have more pronounce d thick disks tha n spiral 
galaxies, as was first shown by iBursteinl (|1979ft . Fur- 
thermore, the bar fraction among SOs i s significantly 
smaller than that among spir al galaxies (jAguerri et al.1 
120091 lLaurikainen et ail 12009ft . Perhaps the most im- 
portant difference is that SO s have la r ger b ulge-to-disk 
ratios than spiral galaxies ([Dressier ] [1980). This is 
supported by increas ingly convincing evidence that the 
iTullv fc Fisherl ()1977ft re lation for SO galaxies differs from 
that of spiral galaxies (|Neistein et al.l IT9991 iHinz et all 
120031: iBedregal et al.ll2006L . M. Williams et al, in prep.). 
Although some of these differences may be the result of 
secular evolution and evolving stellar populations after 
the truncation of st ar formation, difficulties remain (see, 
e.g.. lDresslerl ll984. for a discussion). In particular, the 
large bulges of SO galaxies cannot be explained. 

Besides the disconnect between SOs and spirals, the 
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increas ed fraction of e lliptical galaxies in dense environ- 
ments (|Dresslerl 11980ft also challenges the idea that gas 
stripping explains the MDR. This concern, as well as the 
different properties of spirals and SOs, could be accom- 
modated by a invoking a process that affects both the 
structure and gas content of a galaxy. Tidal interactions 
with other galaxies or the potential of a large halo can 
strip an in- fa lling galaxy from g as, and reduce the stellar 
disk as well (jMoore et al.lll996l i. 

There are two reasons why it is surprisingly difficult to 
interpret the MDR, constrain its origin, and understand 
its implications for galaxy formation and evolution in 
general. First, 'morphology' is a phenomenological pa- 
rameter that is the combination of several physical quan- 
tities (structure, that is, bulge-to-disk ratio or concentra- 
tion, and star formation activity). Second, many galaxy 
properties depend on one another, and some of these de- 
pendencies are much stronger than the dependency of 
morphology on environment. More specifically, although 
structure and star f ormation activity depend strongly 
on one another (e.g.. IKauffmann et alj|2003t iHogg et all 
12004 IKauffmann et al.1 120061 ) . these two parameters 
behav e distinctly different a s a function of environ - 
mcnt. IKauffmann et al.l (|2004f ) and lBlanton et al.l (2005) 
showed that structure depends only weakly on environ- 
ment, whereas star formation activity, usually as traced 
by color, decreases s ignificantly from low- to high-density 
environments (e.g. . iLewis et al.l 120021: IHogg et al.l 1 20031 : 
Gomez et al.ll2003t I Hogg et all 120041: iBalogh et al.lbooi 



Blanton et al.l 12005: Baldrv et al. 200J; iSkibba fe Shethl 
2009ft Moreover. Balog h et al.l (|1998f ) showed that galax- 



ies that are similar in structure have lower star for- 
mation rates if they are situated in a cluster. The 
net effect of these correlations is th at the morpholog- 
ical mix chang es with environme nt (Ivan der Wei 120081 : 
IBamford et al.ll2009t ISkibba et al.ll^rTOflfT 

To summarize the above, we have an apparent con- 
tradiction: on the one hand, the structural properties 
of galaxies do not show strong environmental dependen- 
cies; on the other hand, the relative elliptical, SO and 
spiral galaxy fractions clearly do vary with environmen- 
tal density, and these different types of galaxies have dif- 
ferent structural properties. In this paper, we address 
this issue. We explicitly address the question whether 
gas stripping can explain the MDR, even in the face 
of the evidence that SOs and spiral galaxies are struc- 
turally different, that SOs occur in both low- and high- 
density environments, and that elliptical galaxies also 
prefer dense environments. Perhaps contrary to expecta- 
tion, the listed evidence does not rule out gas stripping 
as an explanation for the MDR. One should distinguish 
between the SO population as a whole, and those galax- 
ies that have been affected by environmental processes, 
giving rise to the MDR. In other words, the origin of SO 
galaxies and the origin of the MDR are not necessarily 
the same. This distinctio n, which was already noted by 
iPostman fc Gelleil (|1984ft . will prove to be critical. 

In this paper, we examine the shapes of a large sam- 
ple of galaxies with low star formation activity (quiescent 
galaxies), as inferred from their spectroscopic properties, 
in different environments. The sample selection from the 
Sloan Digital Sky Survey (SDSS) is described in Section 
[2j The shape parameter we use is the projected axis ra- 
tio. For an individual galaxy this may not contain much 



information, but for large samples it becomes a power- 
ful diagnostic. We take advantage of the uniform and 
well-calibrated data set provided by the SDSS, which 
is ideally suited to disentangle projection effects and 
the intrinsic shape distributio n of galaxies, as h a s pre - 
vio usly been demonstrated b y iVincent fc Rvdeiil (2005) 
and lPadilla fc Strauss! (|2008f ). Such an approach is com- 
plementary to studies of morphology, defined either visu- 
ally or otherwise, because it makes no assumptions about 
the connection with galaxy structure. Because, in addi- 
tion, we select our sample spectroscopically, our analysis 
is completely independent of the structural properties of 
different types of galaxies. 

The first goal of this paper is to confirm that the de- 
creased star formation rate in dense environments is re- 
flected as an increased fraction of quiescent galaxies in 
massive dark matter halos (Section 13.11) . A halo-based 
description of environment is more physical than esti- 
mates of the local surface number density of galaxies, 
and, moreover, the correlation between galaxy color and 
halo mass, and not galaxy density, has been demon- 
strated to be the principal driving factor behind the ob- 
served corr elation between galaxy co lor and environment 
in general (Blanton & Berlind 2007). 

The second goal is to determine whether or not gas 
stripping can account for the dependence of star forma- 
tion activity on group mass. We analyze the axis ra- 
tio distribution of quiescent galaxies and its dependence 
on halo mass, in Sections 13.21 and 13.31 Gas stripping of 
spiral galaxies, which presumably leaves their structural 
properties mostly unchanged, and alternative scenarios 
invoked to explain the MDR, such as harassment, which 
does change galaxy structure, will have a different ef- 
fects on the axis ratio distribution of quiescent galaxies 
in high-mass halos. 

Finally, we discuss our findings in the context of pre- 
vious work and identify slow gas stripping as the process 
that is likely responsible for shaping the MDR (Section 
[4]). This claim is then explicitly shown to be consistent 
with the different properties of spiral and SO galaxies, 
and the increased fraction of elliptical galaxies in dense 
environments. 

2. SAMPLE 

We select a sample of quiescent galaxies from Dat a 
Release 6 of the SDSS (jAdelman-McCarthv et al|[2008ft . 
Our sample includes galaxies at redshifts 0.04 < z < 0.08 
without detectable [Oil] and Ha emission lines. The se- 
lection criter i a are d escribed and motivated in full by 
I Graves et al.1 (|2009bft : but as opposed to that work, we 
do not exclude galaxies with a low concentration index 
and galaxies that are fit bet t er by an exponential pro- 
file than by a ide Vaucouleursl (| 1948ft profile, because this 
may exclude quiescent, yet disk-like galaxies. As a conse- 
quence, our sample may include galaxies with star forma- 
tion in an extended disk outside the SDSS spectroscopic 
fiber which has a 3 arcsec diameter. This, however, does 
not compromise our analysis as the typical galaxy has a 
size that is similar to the spectroscopic aperture. Less 
than 20% of the galaxies in our sample have sizes that 
are more than twice this aperture. The exclusion of all 
galaxies with emission lines also excludes quiescent galax- 
ies with active nuclei. Their number, however, is small, 
and make up a small fraction of the population (e.g., 
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Fig. 1. — Fraction of spectroscopically selected, quiescent (black 
lines and error bars) and red (red lines and error bars) galaxies 
with mass 2.5 X 10 1 < M« /M w < IP* 1 as a function dark matter 
halo mass from the lYang et all ( 2007) group catalog. The error 
bars indicate standard binomial errors in the fraction (these are 
henceforth used in all figures which show fractions). Both the qui- 
escent and red fraction increase with halo mass, and it is apparent 
that 'quiescence' is a more stringent criterion than 'redness'. 

lPasauali~e t al. 2009|) that is negligible for our purposes. 

The axis ratios wer e obtained as de scribed by 
van der WeleTaTl (f2008h . Briefly, GALFIT (|Peng et all 
is used to determine from the r band the radii, 
axis ratio s, position angles, an d total magnitudes, as- 
suming a Ide Vaucouleursl (|1948l) surface brightness pro- 
file. The smearing effect of the point-spread function 
is taken into account in the model. Most galaxies have 
sizes comparable to the point-spread function, that is, 
the global axis ratio is reliably recovered. While we use 
the de Vaucouleurs-derived values, w e note that ad opting 
surface brightness models with a free Sersic (1968) index 
does not lead to a significantly different b/a distribution. 
The systematic difference between the two values is only 
0.004 in the median, the scatter is 0.075, and for less than 
1% of all galaxies the values differ by more than 0.20. 

The drawback of using the best-fitting axis ratio as 
a proxy for morphology is that its value may not be 
very meaningful in case a galaxy is a system with three 
components (say, bulge, disk, and bar) which all con- 
tribute significantly to the light. More detailed modeling 
of the surface brightness profiles may alleviate this prob- 
lem. However, this would be an extensive study in itself 
and, moreover, prone to other, potentially more serious 
systematic errors due to the limited information in the 
SDSS images of the galaxies in our sample. 

Stellar masses are estimated with a simple conversion 
from color to mass-to-light ratio: M/L r = 1 .097 x (g — 
r) - 0.306 - 0.1 taken from IBell et all (pOOl . where L r 
and g — r are computed at z = 0, and with a 0.1 dex shift 
downw ard to normalize all stellar masses to the iKroupal 
(2001) stellar initial mass function. The assumed cos- 
mology is (fi M , fi A , h) = (0.3, 0.7, 0.7). 



We match th is sample w it h the galaxy group catalog 
constructed by lYang et all (|2007l) . Their method first 
uses a friends-of-friends algorithm to identify the cen- 
ters of potential groups, whose characteristic luminos- 
ity is then estimated. Using an iterative approach, the 
adaptive group finder then uses the average mass-to-light 
ratios of groups, obtained from the previous iteration, 
to assign a tentative mass to each group. This mass is 
then used to estimate the mass of the underlying halo 
that hosts the group, which is in turn used to determine 
group membership in redshift space. Finally, each indi- 
vidual group is assigned a halo mass, estimated from the 
group's stellar mass, by ranking those stellar masses and 
the halo masses from a numerical simulation of cosmo- 
logical st ructure growth. F or more details, we refer the 
reader to lYang et all (|2007D . 

The group finder is optimized to maximize complete- 
ness while minimizing contamination by interlopers. The 
most massive galaxy of each group is, by definition, the 
'central galaxy', and is usually located near the geomet- 
ric center of the group. The other galaxies in the group 
are 'satellite' galaxies. However, the distinction between 
'central' and 'satellite' galaxies is not of great importance 
for th e our analys is. 

As lYang et"aLl (|2007|) constructed the catalog from 
SDSS Data Release 4 (jAdelman-McCarthv et alil2006l) , 
we do not have complete information for all galaxies 
in our initial sample, which is selected from Data Re- 
lease 6. After cross matching, we have a sample of 
~ 12, 800 quiescent galaxies that are more massive than 
M* = 2.5 x 10 10 Mq (note that dwarf galaxies are not con- 
sidered here), and which also have been assigned mem- 
bership of a group as either a satellite or a central galaxy. 
This sample is used in this paper. A complementary sam- 
ple of ~ 31, 000 star forming galaxies (i.e., those galaxies 
that do not satisfy the selection criteria for quiescence 
given above, and in the same redshift range, with known 
colors, stellar masses, and group masses) is used in this 
paper to quantify the fraction of quiescent galaxies in 
different environments, that is, in halos with different 
masses. 

3. A PHYSICAL DESCRIPTION OF THE 
MORPHOLOGY-DENSITY RELATION 

3.1. Dark Matter Halo Mass and the Quiescent Galaxy 

Fraction 

In Figure [TJ we show the fraction of red 5 and quiescent 
galaxies as a function of halo mass. Essentially all quies- 
cent galaxies are red, but the reverse is not the case. 
Late-type galaxies with less than average star forma- 
tion activity may satisfy our color criterion, and edge-on 
spiral galaxies may be relatively red because of extinc- 
tion. Moreover, galaxies with genuinely low star forma- 
tion rates but with some level of nuclear activity will be 
included in the red sample, but not in the quiescent sam- 
ple. Generally speaking, it is important to keep in mind 
that a sample of galaxies selected by optical color consists 
of galaxies with a wide range of properties and should not 
be equated with a sample of quiescent galaxies. We fo- 

5 Our definition of a red galaxy is a galaxy which is less than 2 
standard deviations bluer than the center of the red sequence, i.e., 
galaxies that satisfy g-r > 0.07 x log(M,/10 11 M Q ) + 0.75, where 
g — r is computed at z = 0, are red. 
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Fig. 2. — Fraction of quiescent galaxies as a function of galaxy 
stellar mass. The red line indicates galaxies in high-mass halos 
(these arc essentially all satellite galaxies); the solid blue lines indi- 
cate galaxies in low-mass halos; the dotted blue line shows satellite 
galaxies in low-mass halos. The quiescent galaxy fraction is signif- 
icantly higher in high-mass halos than in low-mass halos, even at 
fixed galaxy stellar mass. This is partially, but not mostly, due to 
the difference between central and satellite galaxies: satellites in 
high-mass halos are different from satellites in low-mass halos. 

cus on quiescent galaxies for the pragmatic reason that 
it is well defined to address the question at hand: are 
environmental trends due to the loss of cold gas and the 
consequential decline in star formation activity? 

Despite these complications, for both the red and the 
quiescent sample, the observed trend resembles the pic- 
ture that was originally sketched by the MDR, that is, 
the fraction of red/quiescent galaxies increases with halo 
mass. However, no distinction between high- and low- 
mass galaxies is being made here. As a consequence, the 
observed trend includes, in addition to the actual rela- 
tionship between galaxy properties and environment, if 
it exists, the relation between color/star formation ac- 
tivity and galaxy mass, and between galaxy mass and 
environment. 

To gain a clearer perspective, we split the sample into 
galaxies in high-mass halos (Mh a i > 2.5 x 10 14 M©) and 
galaxies in low-mass halos (Mhaio < 2.5 x 10 14 M©). Our 
choice for this value, which corresponds to the mass of a 
relatively low-mass cluster with a velocity dispersion of 
~ 400 — 500 kms -1 , to distinguish between high- and 
low-mass halos is motivated in H3.2I In Figure [5] we com- 
pare the fractions of quiescent galaxies at fixed galaxy 
mass in high- and low- mass halos (Figure [5]). Now that 
we have taken out the galaxy mass dependence, and, to 
first order, the halo mass dependence, the intrinsic en- 
vironmental dependence of star formation activity is re- 
vealed. The same trend, but then for co lor instead of star 
forma tion activity, was found before bvlWcinman n~et al.l 
(2006), justifying the not entirely obvious assumption 
that optical color can be used to directly trace star for- 
mation activity. The trend seen in Figure [2] is partially 



driven by the different properties of cent r al and satellite 
galaxies (e.g.. Ivan den Bosch et al.l [2008; Pas quali et al.l 
2009; Skibba 2009), but this is not the dominant factor. 
Also for satellite galaxies we see that those in high-mass 
halos are more frequently quiescent than in low-mass ha- 
los. This can be seen in Figure [3J where the fraction of 
quiescent satellites is smaller in low-mass halos than in 
high-mass halos. We note that essentially all galaxies in 
high-mass halos arc satellites. 

3.2. High-mass halos and quiescent galaxies with 
prominent disks 

Now that we have established that galaxies in high- 
mass halos are more often quiescent than galaxies in low- 
mass halos, we address the question what type of galaxy 
drives this trend. We use our axis ratio (b/a) measure- 
ments as a tracer of the frequency of disks in the popula- 
tion of quiescent galaxies. Hence, we can test the hypoth- 
esis that the truncation of star formation in high-mass 
halos is associated with the destruction, preservation, or 
production of thin, stellar disks. Axis ratios do not pro- 
vide a very sensitive test, because of projection effects, 
but they are very robust, with negligible systematic and 
random measurement errors (see Section [2]). 

In Figure [3] (left), we show the b/a distribution for 
quiescent galaxies in a narrow range of stellar mass, as a 
function of halo mass. The halo mass range shown here, 
-Mhaio = 10 13 — 10 15 M©, probes a large range of envi- 
ronments, from groups with a few L* galaxies to large 
clusters with hundreds of L* galaxies and velocity dis- 
persions of ~ 1000 kms -1 , such as the Coma cluster. At 
halo masses Mhaio < 10 13 M© the group catalog is essen- 
tially a catalog of relatively isolated galaxies, the halos 
of which have been assigned masses that correspond di- 
rectly to the masses of those galaxies. We omit this mass 
range from the figure because it would not show trends 
with environment/halo mass, but rather the relationship 
between galaxy mass and axis ratio. 

Figure [3] reveals that high-mass halos host a larger 
fraction of quiescent galaxies with small b/a than low- 
mass halos, which are dominated by relatively round 
systems. In particular for galaxies with masses rang- 
ing from M* = 5 x 10 10 M© to M* = 10 n M Q the trend 
is highly significant (see Figured! right). In this galaxy 
mass range, a transition in the b/a distribution occurs 
around Afhaio = 2.5 x 10 14 M©, the mass of a relatively 
small cluster, which explains our choice to distinguish be- 
tween high- and low-mass halos at this particular value, 
first introduced in Section [3. II and used throughout this 
paper. 

Very few high-ma ss galaxies have pronoun ced disks, 
as shown recently by Ivan der Wei et al.l (2009). Massive 
galaxies in high-mass halos do not form an exception to 
this general rule, and, as a result, the axis ratio distribu- 
tion is not seen to vary with halo mass. 

Because the majority of galaxies with relatively small 
masses (M* < 5 x 1O 1O M0) have disks, it is harder to dis- 
tinguish an excess population of disks in high-mass halos. 
A small difference, however, is still apparent, as can be 
seen in FigureUJ (right). The relatively small effect on the 
axis ratio distribution does not imply that environmen- 
tal processes are weaker at these lower masses; on the 
contrary, environmental processes are more pronounced 
at lower masses, as can be seen in Figure [2] 
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Fig. 3. — Left: axis ratio (b/a) distribution as a function of dark matter host halo mass for quiescent galaxies in the mass range 
5 X 10 10 < M»/Mq < 10 . The gray scale indicates the frequency of b/a, where we normalize to unity the total number of galaxies in 
each stellar mass bin, the width of which is indicated by the grid size. Smoothing in both directions is applied to reduce the effects of the 
shot noise. The presence of the dark region near the top left corner implies that quiescent galaxies in low-mass halos are typically round. 
The b/a distribution at high halo masses is more uniform, with a higher fraction of elongated, that is, disky, quiescent galaxies. Right: 
fraction of quiescent galaxies with axis ratios b/a < 0.6 as a function of galaxy mass. The red line represents galaxies in massive halos; the 
blue line represents galaxies in low-mass halos. Error bars represent the Poisson uncertainty. Quiescent galaxies with Mr < 10 11 Mq in 
high-mass halos are significantly more often elongated, that is, disk- dominated, than their counterparts in low-mass halos. 



In order to formalize the trends seen in Figure [31 we an- 
alyze the cumulative b/a distributions for different ranges 
in galaxy mass. These are shown in Figure |U As was 
already indicated above, the b/a distributions of mas- 
sive galaxies in high- and low-mass halos are statisti- 
cally indistinguishable. For galaxies with masses below 
M* = 1O 11 M , however, there is a notable and signifi- 
cant difference. According to the standard Kolmogorov- 
Smirnov test it is highly unlikely that quiescent galaxies 
have the same b/a distributions in low- and high-mass 
halos, in the sense that high-mass halos more frequently 
host disky quiescent galaxi e s (see Figure 0]). 

Recently, Ivan den Berghl (2009) attempted to identify 
such a correlation between flatness and environment, but 
did not find a statistically significant trend. A sample of 
several hundred galaxies is perhaps insufficient to dis- 
entangle the large variety of underlying correlations be- 
tween global properties of galaxies. The sample that we 
use in this paper is almost 2 orders of magnitude larger, 
which adequately remedies this problem. 

3.3. Disky quiescent galaxies drive the 
morphology- density relation 

In Section 13.11 we established that high-mass halos 
have a higher fraction of quiescent galaxies - at a given 
galaxy mass - than low-mass halos (see Figure [5]). In 
Sect ion [3j2] we found that quiescent galaxies in high-mass 
halos are more frequently disky than in low-mass halos 
(see Figures [3] and 0|) . These two observations could be 
physically related, in which case the increased quiescent 
fraction in high-mass halos is directly caused by an in- 
creased fracti on of quiescent disk galaxi es; see also the 
discussion by Ivan den Bosch et~aT1 (|2008l ). 

We test this hypothesis with a simple model. The idea 



is that the quiescent population in high-mass halos con- 
sists of galaxies that would be quiescent even if they had 
been located in less massive halos, that is, regardless of 
their environment, and an additional population that is 
quiescent as a direct consequence of their environment. 
We assume that the latter population is the result of gas 
stripping, which leaves stellar disks intact and does not 
alter the structural properties of galaxies. We discuss 
this assumption below. 

The expected b/a distribution of quiescent galaxies in 
high-mass halos is inferred by adding these two pop- 
ulations: (1) a population with the b/a distribution 
of similarly massive quiescent galaxies in low-mass ha- 
los, which represent galaxies that are quiescent regard- 
less of halo mass and (2) a population of galaxies, pro- 
jected along random lines-of-sight, with the same intrin- 
sic axis ratios as similarly massive spiral galaxies (i.e., 
non-quiescent L* galaxies), which represent galaxies that 
ar e quiescent becaus e of th eir environment. According 
to iPadilla fc St rauss (2008), L* spiral galaxies have in- 
trinsic axis ratios that are normally distributed, with a 
mean of 0.26 and a scatter of 0.06. The motivation for 
this choice is that such spiral galaxies will, upon enter- 
ing a massive halo, eventually cease to form stars without 
changes in structure. 

Besides the b/a distributions of the two populations in 
the model, we also have to choose the relative numbers of 
galaxies in the two populations. We choose these relative 
numbers such that we precisely match the increase in the 
quiescent galaxy fraction from low- to high-mass halos, 
which we described in Section 13.11 and showed in Figure 
O Hence, if our gas-stripping hypothesis is correct, then 
the model b/a distribution is consistent with the observed 
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Fig. 4. — Cumulative axis ratio distribution for quiescent galaxies in three different galaxy mass bins. The red lines reflect the b/a 
distribution of galaxies in high-mass halos; the blue lines indicate the b/a distribution of galaxies in low-mass halos, as labeled in the 
middle panel. P(KS) is the probability that the b/a values of galaxies in low- and high-mass halos are drawn from the same distribution, 
using the standard Kolmogorov-Smirnov test. For high-mass galaxies {right) the two b/a distributions are statistically indistinguishable. 
For galaxies with masses M, < 10 Mq, the probability that the b/a distributions in high- and low-mass halos are the same is very small: 
high-mass halos contain an excess population of disk-dominated quiescent galaxies compared to low-mass halos. 



b/a distribution in high-mass halos. 

In Figure [5j we compare the predicted and observed 
b/a distributions in high-mass halos for galaxies in the 
mass range 5 x 10 10 < M*/M < 10 11 . The population 
of 'extra', disky quiescent galaxies added to the b/a dis- 
tribution of galaxies in low- mass halos changes the b/a 
distribution in such a manner that the b/a distribution 
in high-mass halos is accurately reproduced. There is 
no significant difference between the predicted and ob- 
served b/a distributions in high-mass halos: according to 
the Kolmogorov-Smirnov test, the probability that the 
distributions are the same is 0.83 ± 0.06. 6 This is to 
be compared with the low probability (2.3 x 10 -4 ) that 
the b/a distributions in low- and high-mass halos are the 
same, a remarkable success for such a simple model. 

We repeat the exercise for galaxies with lower masses 
(the left-hand panel in FigureH]). The difference between 
low- and high-mass halos is less pronounced and less sig- 
nificant here. Yet, adding an extra population of faded 
spirals to the b/a distribution observed in low-mass halos, 
as described above, we again reproduce with good confi- 
dence the observed b/a distribution in high-mass halos. 

This model, however, does not work for high-mass 
galaxies (M > 1O 11 M ). In the right-hand panel of Fig- 
ure [4] can be seen that the b/a distributions of massive 
galaxies are not different in low- and high-mass halos, 
yet, Figure [2] shows that even for such massive galaxies 
there is a small, but significant difference in the quiescent 
fraction. As a consequence, modeling the additional qui- 
escent galaxies in high-mass halos with a population of 
faded spiral galaxies does not reproduce the observed b/a 
distribution in high-mass halos. We discuss this further 

6 In a Monte Carlo simulation, this is the average of 1000 real- 
izations of the random inclination distribution of the 'extra' disky, 
quiescent galaxy population. This produces a scatter of 0.06 in the 
inferred probability that the distributions are the same. 



in Section HI 

We note that none of the above results change if we 
restrict the analysis to satellite galaxies alone. The in- 
creased fraction of quiescent satellite galaxies in high- 
mass halos (see Figure [2]) is well described by an in- 
creased number of quiescent, disk-dominated galaxies, 
analogous to our above description of the entire popu- 
lation of quiescent galaxies. 

The assumption in all of the above is that the axis ratio 
does not change when a star forming spiral galaxy trans- 
forms into a quiescent, disky galaxy. More explicitly, 
we assume that the stellar mass distribution is not sig- 
nificantly affected by the process that truncates the star 
formation. However, it is good to keep in mind that tidal 
interactions may thicken the disk, and radial mixing, on 
the long term, can cha nge the bulge-to-disk ratio (see 
iBoselli fc Gavazzll I2006L for an overview). We also ne- 
glect changes in surface brightness profiles due to changes 
in mass-to-light ratio gradients caused by either stellar 
population effects or rearrangement of dust. However, 
the fact that we can model the axis ratio distribution 
in high-mass halos by assuming that the structure of a 
galaxy does not change when its star formation activity 
is truncated, suggests that our assumption is reasonable. 

This section presents the central result of this study. 
In summary, we connect the increased fraction of qui- 
escent galaxies in high-mass halos (see Figure to the 
increased fraction of disk-dominated, quiescent galaxies 
in high- mass halos (see Figures [3] and 0J . We demon- 
strate quantitatively that the increased fraction of quies- 
cent galaxies in high-mass halos is in fact driven by the 
population of disk-dominated galaxies (Figure [5]) . In the 
following section, we discuss the ramifications of these 
findings in the context of the historical discussion of the 
MDR and in light of other recent results. 
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Fig. 5. — Cumulative distribution (left) and histogram (right) of axis ratios of quiescent galaxies with masses in the range 5 X 10 < 
M*/Mq < 10 11 . The solid red lines reflect the b/a distribution of galaxies in high-mass halos; the blue lines reflect the b/a distribution 
of galaxies in low-mass halos. The black line is the b/a distribution in low-mass halos (i.e., the blue line) augmented by a population of 
'extra' quiescent disk galaxies. The latter is generated by projecting along random lines of sight a population of disk galaxies with the 
same intrinsic axis ratio distribution as L* spiral galaxies (see the text for details). The relative number of these extra disk galaxies is 
chosen such that their addition makes up for the difference in the quiescent galaxy fractions in high- and low-mass halos (see Figure 
for the galaxy stellar mass range considered here. These extra disk galaxies can be thought of as galaxies whose star formation has been 
truncated as a results of some environmental process that leaves the stellar disk intact. The resulting model b/a distribution is statistically 
indistinguishable from the observed b/a distribution in high-mass halos: the Kolmogorov-Smirnov test yields a probability of 0.83 that the 
distributions are the same. Therefore, the increased fraction of quiescent galaxies in high-mass halos seen in Figure [2] is likely caused by 
the increased fraction of disky, quiescent galaxies seen in Figures [3] and [4] 



4. DISCUSSION 

4.1. The definition of 'morphology' and its 
interpretation 

The traditional morphological classification of galax- 
ies is based on two observable properties: smoothness 
of the light distributi on and the pr esence/absence of a 
substantial disk (e.g.. lSandagel lP961). Physically speak- 
ing, smoothness reflects star formation activity, whereas 
the presence of a disk implies a dynamically cold compo- 
nent. Because these properties are correlated with each 
other, and with a host of other galaxy parameters, mor- 
phology is not a fundamental galaxy property, which ren- 
ders morphological studies d i fficult to interpret. We re- 
fer to iBlanton &: Moustakasl (|2009f ) for a recent, general 
overview of the field. 

In any case, these two observables, smoothness and 
diskincss, divide the general population into three broad 
classes: ellipticals (smooth, negligible disks), lenticu- 
lars or SOs (smooth, significant disks), and spirals (not 
smooth, significant disks). 7 Smoothness is related to the 
lack of star formation activity; hence, our selection of 
quiescent galaxies is equivalent to selecting ellipticals and 
SOs, that is, early-type galaxies. 

From the ear l y SP SS st udies by, f o r exa mple, 
iKauffmann et all (|2003f ) and iHogg et all (|2004f l . we 
learned that diskiness is primarily related to galaxy 

7 We are only considering galaxies with masses more than 20% 
of that of an L* star galaxy, that is, the following discussion does 
not apply to dwarf galaxies, which constitute a somewhat separate 
class of objects. 



mass, an d also that its correlat i on with environmen t 
is weak (jKauffmann et al.l 120041 : IBlanton et aD 12005f t. 
Smoothness, on the other hand, has been d emonstrated 
to correlate with environment as well (Ivan der Well 
2008), which should be interpreted as an environmen- 
tal dependence of star formation activity (see also 
[ Lewis et aill2002l: iGomez et al.ll200"l jBalogh et al.ll2004t 
Tana ka et al J 120041: iWeinmann et all 120061 : iBaldrv et all 
boOfl : iPark et alJ I2007L who all find a correlation be- 
tween color/star formation and environment). Hence, 
we have that the two physical properties that make 
up morphology behave differently as a function of fun- 
damental galaxy properties, reconciling the result that 
whereas morphology is sensitive to enviro nmental fac- 
tors, structure is not, or at least less so (Ivan der Wei 
1200a iBlmfibrd et al.ll200l ISkibba et aLlEOOffl . 

4.2. Gas stripping and the morphology- density relation 

The degree to which the star formation activity of 
a gal axy is environmentally affected depends on halo 
mass (Wcinma nn et al.ll2009f) . Satellite galaxies in high- 
mass halos have different color profiles and arc gener- 
ally redder than their equally massive counterparts in 
low-mass halos. Model constraints on the amount of 
time that galaxies have spent as satellites and the ob- 
served correlation between halo mass and satellite color 
imply that the decrease in star formation activity is grad- 
ual, taking place on a time scale of several Gyr. This 
is reinforced by the dependence of star formation ac- 
tivity of satellite galaxies in massive halos on cluster- 
centric distance (|von der Linden et al.l 120091 ) . and, even 
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more gen erally, by the non-zero fraction of blue satellite 
galaxies (iKang fc van den Bosch! [20081 iFont et alj|2008t 
ISkibba fc Shetbll2009l) . 

These results are inconsistent with a scenario in 
which the entire interstellar medium is rapidly stripped 
as a result of ram pressure. Increasingly sophisti- 
cated simulations indicate that the time scale for gas 
loss through ram-pressure stripping is longer than ex- 
pected on the basis of sim ple, analytical estimates (e.g., 
iRoedigerfc Bruggen 2Q03) ■ The picture that is emerging 
is that star formation continues after infall, but gradu- 
ally declines as the fuel for star formation is removed 
relatively slowly and gently by the stripping of hot gas 
outside the cold disk or atomic hydrog en in the outer 
parts (e.g., iKoopmann fc Kennevi 12004) . However, we 
note that the physical process at work here is still ram- 
pressure stripping, but that this only efficiently acts on 
part of the interstellar medium. 

Explicit evidence for this process is provided by the 
observation of an excess of red, lat e-type galaxies in 
the outskirts of a massive cluster (fWolf et al.l [2009; 
IGallazzi et al.l 120091 ) , which have lower star formation 
rates than late-type galaxies in the general field. More 
generally, the clustering properties of red spiral galax- 
ies imply that s uch galaxies are oft en satellite galaxies 
in massive halos ([Skibba et a l. 2009). Interestingly, such 
'a nemic' spirals were id entified and discussed early on, 
bv lvan den Bergbl (|1976( ) a nd have been suggested as a n 
explanation for the MDR (jKoopmann fc Kennevi ri998). 

The end-result of the gas-stripping process, that is, 
the descendant of a red spiral galaxy with a declin- 
ing star formation rate, is a quiescent, disk-dominated 
galaxy of which the bulk of the stellar population is at 
least several Gyr old, in agreement with spectroscopically 
inferr ed age estimates of quiescent galaxies in general 
(e.g. , IGallazzi et all [20051 : iGraves et all l2009aD . These 
conclusions, together with the dependence on halo mass 
of the average amount of time that a galaxy has spent 
as a satellite, may explain the correlation between the 
stellar population a ges of red galaxies and environment 
([Cooper et al.ll2009h . 

Our results provide strong evidence for the presence of 
such "starved", disky galaxies in massive halos. More- 
over, our results imply that these galaxies represent the 
increased fraction of quiescent galaxies in high-mass ha- 
los. Hence, our results, combined with those discussed 
above, imply that a gradual removal of the gaseous in- 
terstellar medium of spiral galaxies is responsible for the 
MDR. This conclusion is physically motivated by the ob- 
served decreased star formation in satellite galaxies and 
the time scale associa ted with this phenomenon (e.g., 
iWeinmann et al J 1200 9). and quantitatively matched by 
the observed increase in the fraction of disk-dominated, 
quiescent galaxies in massive halos (this paper). 

4.3. Are SO galaxies stripped spiral galaxies? 

In this paper we argue that slow gas stripping through 
interaction with the intergalactic medium causes spiral 
galaxies to stop forming stars and eventually turn in 
disky, quiescent objects, that is, SO galaxies. Further- 
more, we claim that this explains the existence of the 
MDR for galaxies with masses M > 2.5 x 10 10 Af©. Note 
that in this picture, galaxies do not undergo structural 
changes, in the sense that their bulge-to-disk ratios stay 



the same. 

We stress that we do not claim that all SO galax- 
ies formed through this process. The existence of SO 
galaxies and existence the MDR do not necessarily 
have the same exp l anatio n, which was already noted by 
iPostman fc Gellerl (fl98l . Only - 15% of the galax- 
ies in our sample are located in dark matter halos with 
masses Mhaio > 2.5 x 10 14 M Q , where the increased pres- 
ence of quiescent disk galaxies is noticeable. For this 
sub-population, the fraction of quiescent galaxies is 1.5- 
2 times higher than in lower- mass halos (see Figure [2]) , 
implying that only 5%-10% of all quiescent galaxies are 
quiescent as a result of differential environmental effects, 
by which we mean those environmental effects that do 
not or less efficiently act in lower-mass halos. Although 
these are rough estimates, it is safe to conclude that the 
process that is responsible for the MDR is not the domi- 
nant contributor to the truncation of star formation and 
the formation of the red sequence in general. 

It is not surprising, then, that the MDR is as weak 
as it is: morphological fractions change only by a factor 
2 over many orders of magnitude in en vironmental den - 
sity, as was pointed out before, by, e.g.. iDresslerl ((2004). 
The star formation and structural properties of galaxies 
depend much more strongly on internal galaxy proper- 
ties (mass, velocity dispersion, and surface mass density) 
than on their environment. Many central galaxies are 
quiescent and many quiescent satellite galaxies had their 
star formation truncated be fore their becoming satellites 
([van den Bosch et alJl2008l ). 

Although low-mass satellites in low-mass halos could 
still be the result of gas stripping, it seems unavoid- 
able that other mechanisms that truncate star forma- 
tion are important. Merging may explain the ces- 
sation of star formation by means of gas exhaustion 
through enhanced star formation activity during the 
merger phase. Stellar disks are not destroyed in the 
case of minor merg ing, although the bulge-to-disk ratio 
can increase (e.g., Bckki 1991 INaab etaTl 119991 and 
a sequence of minor mergers can result in an ellipti- 
cal galaxy ([Bournaud et al.1 [2007f ). It is generally ac- 
cepted that major merg i ng results in round remn ants 
(jToomre fc ToomrdlT97l IB arncs fc Hernquistlll996ft . al- 
though such events can also lead to the formation of flat- 
tened, rotating sys tems, especially if the progenitors are 
relatively gas rich ([Cox et al.ll2006f ) . 

Whether merging will turn out to be the main mech- 
anism to produce quiescent galaxies remains to be seen. 
However, quies cence seem s to be related to the presence 
of a bulge (e.g.,|Bell|20Q8l), produced by merging or other- 
wise. In its barest form, this relationship manifests itself 
through the correlation between structure and star for- 
mation activity. Hence, it is not at all surprising that SOs, 
which are quiescent, have larger bulges than star forming 
spirals. In other words, SOs are not, generally speaking, 
gas-stripped spirals. However, as explained above, this 
is not at odds with our claim that gas stripping results 
in the existence of the MDR. 

If merging is an important driver of bulge growth, 
then differences between SOs and spiral s are expected. 
These differences include the offset in the iTullv fc Fisherl 
(|1977l) relation between spirals and SOs (M. Williams et 
al., in prep), the pro minence of thic k disks in SOs com- 
pared to spirals fe.g.. lBurstein| [l979 ; ). and the lower bar 
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fracti on for SOs (|Aguerri et al.l 120091 : lLaurikainen et all 
2009). The accretion of satellite galaxies/minor merg- 
ing can destroy bars and cause thick disks to grow more 
prominent, ei ther through heat ing up the pre-existing 
thin disk (e.g.. lQuinn et al1 l993) or by depositing tidally 
stripped deb ris from the accreted systems at large s cale 
heights (e.g.. lGilmore et al.ll2002T: iMartin et al.ll2004D . In 
addition, minor accretion events in the absence of gas is 
expected to lead to a thicker disk than in the presence of 
gas (e.g.. iMoster et aLll2009l ). Hence, even similar satel- 
lite accretion histories for SO and spiral galaxies can lead 
to differences between the thick disk components, and 
the general prominence of the surviving disk. 

In summary, the global differences between SO and 
spiral galaxies do not argue against slow gas stripping 
as an explanation for the MDR. Most quiescent galax- 
ies, including those with prominent disks, are not the 
result of differential environmental processes, that is, 
processes that do not act (efficiently) in low-density 
environments/low- mass halos. If environmental pro- 
cesses are important, they act efficiently in all envi- 
ronments. However, it seems inescapable to conclude 
that other truncation mechanisms, likely associated with 
merging, are important, because bulge growth and the 
truncation of star formation go hand in hand. 

4.4. Elliptical galaxies and environment 

Because the increase in the quiescent galaxy fraction 
with halo mass can be fully explained by the increased 
fraction of intrinsically flattened galaxies (Sec 3.2), it 
follows that the fraction of intrinsically round quiescent 
galaxies (elliptical galaxies) does not change with halo 
mass, at least, for galaxy masses below lO n M0. At first 
sight, this seems to be at odds with the increased fraction 
of elliptical galaxies, with respect to the total population, 
at high local densi t y (lDresslenll980| ). 

IWhitmore et al.1 ()1993[ ) snowed that galaxy morphol- 
ogy varies strongly with position within a cluster. They 
argue that the result from Dressier can be explained by 
a higher fraction of elliptical galaxies in the cluster core 
(within the central 0.25 Mpc) than elsewh ere. Using 



the di stance-to-group-center estimates from lYang et al.l 
(|2007t) . w e check whether we ca n reproduce the trend 
shown bv IWhitmore et all (|1993l ). In order to roughly 
m atch the proper ties of the galaxies in the sa mple used 
bv lDresslerf(| 19801) and IWhitmore et al.l (|1993l ). we select 
galaxies from our sample with mass M* > 6 x 10 10 M 
in groups with mass Mhaio > 2.5 x 10 14 Mq. Quies- 
cent galaxies in that sample within the central 0.25 Mpc 
of the centers of their respective groups are significantly 
rounder than galaxies at larger distances from the group 
centers, which implies that elliptical galaxies are more 
prevalent than SOs in cluster cores, and that our sample 
shows the same trend as identified by IWhitmore et al.l 
(fl99l . 

It is important to note that the centers of groups and 
clusters tend to be populated by the most massive galax- 
ies. This is relevant for the present discussion because 
morphological type depends strongly on galaxy mass: the 
axis ratio distribution implies that e ssentially all high- 
mass galaxies are intrinsically round (|van der Wei et aT] 
2009), that is, those are all elliptical galaxies. At lower 
masses, many galaxies have significant disks (see also 



Figure 2]) . This suggests that the increased fraction of 
ellipticals in group centers includes a contribution from 
two underlying trends: group centers host more massive 
galaxies, which are, in turn, more often ellipticals. We 
find that this fully explains the dependence of the ellip- 
tical fraction on distance to the group center: the axis 
ratio distribution of quiescent galaxies with a given mass 
does not cha nge with distance to g r oup c enter. 



Recently, Ivon der Linden et al.l (|2009T ) showed that 



satellite galaxies in massive groups do not show a cor- 
relation between mass and distance to the group center. 
We find the same, and we only find mass segregation if 
the central galaxies are incl uded. The implication is that 
the IWhitmore et al.l (|1993| ) result that elliptical galaxy 
fraction increases toward the group center can be fully 
understood by distinguishing between central and satel- 
lite galaxies. 

In summary, the incre ased fraction o f elliptical galaxies 
in dense environments (|Dressler|[l980l ) and cluster cores 
(jWhitmore et al.l I1993D is not at odds with our claim 
that slow gas stripping of infalling spiral galaxies explains 
the MDR at fixed galaxy mass. The increased elliptical 
galaxy fraction in galaxy cores is simply the consequence 
of high-mass, elliptical galaxies preferring the inner re- 
gions. We show that, at fixed galaxy mass, SO galaxies 
are more prevalent than ellipticals in clusters compared 
to lower-density environments, an issue t hat was not dis- 
cuss ed in the early, sem i nal wo rks by, e.g. JDresslerl ((19800 
and lPostman fc Gellerl (fl98l . 

4.5. The morphological mix of high-redshift clusters of 

galaxies 

With the arrival of the Hubble Space Telescope, it be- 
came possible t o study the morpho l ogies of galaxies in 
distant clusters ([Dressier et al.l 119971: iFasano et al.ll2000l : 
iTreu et al.l 12001 iPostmanl 120051 : iSmith et al.ll2005T ). and 
establish that the Hubble sequence and the MDR were 
already in place at z ~ 1. The same is the case for 
the underlying physical correlations between star forma- 
tion activity and environment (e.g ., iCooper et al.l 120071 : 
IPatel et al.lT200l iTran et al.|[2009T l. 

There are two reasons to suspect that the morpho- 
logical mix may change with look-back time. First, as 
cluster halos continue to assemble hierarchically through 
the accretion of smaller halos, newly infalling galaxies 
are added to the cluster population. This infall and 
merging process is directly observe d at all redshifts , 
and must be an ongoin g process (e.g. JBurns et al.lll994t 
iMarkevitch et al. 2002). This process adds galaxies with 
field-like properties, which may differ from the already 
present cluster galaxies. Second, at higher redshift, the 
typ ical star formation rate is higher for spiral galax- 
ies (jLillv et al.1119961: IMadau et alill99l ). which suggests 
that the morphological mix may change with look-back 
time. 

Indeed, the fraction of spiral/star form ing galaxies is 
observed to increase with redshift (e.g., IDressler et al 

i i i . i i i i i i ' 



19971: ISmith et alJfe OOS: Po stman! llM iPoggiant i et al 
20061 : ISimard et al.1 I2009T T In general, these studies 
suggest that the population of SO galaxies is rapidly 
built up over the last 8 Gyr from infalling spiral sys- 
tems (|Dressler et al.l Il997t IPostmanl 120051: ISmith et al.l 

y IHolc 



20051). It was s hown bv iHolden et all (|2007l ) and 



van der Wei et all (|2007l ) that this is mainly due to the 
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higher luminosity of spiral galaxies in distant clusters 
compared to those in local clusters: in mass- selected 
samples, little change is seen and the deficit of SO sy s- 
tems appears to be o verestimat ed (Hold en et al.l feOOQ'). 

The key result of Ivan der Wei et al.1 (|2007t ) is that, 
although there is little evolution in the fraction of 
E+SO galaxies at the stellar masses of L* galaxies (cf. 
iBundv et al.l [2009) , there is still a strong relation be- 
tween morpholog y and the local environment (see also 
iTasca et al.l2009l ) . The persistence of this trend to higher 
redshifts implies that galaxies that become satellites in 
more massive halos transform from actively star forming 
to quiescent galaxies. Such transf ormation are direct ly 
observed at intermediate redshifts ([Moran et al.ll200"7l ). 

Our result shows that there is a population of galaxies 
in high-mass halos that have a similar structure to star 
forming field spira l galax ies, but lack the star formation. 
Ivan der Wei et all (|2007t ) show that this population does 
not quickly appears at some given epoch. From this, 
we conclude that the assembly of the cluster population 
and the evolution of its star forming properties are most 
naturally explained by the gradual stripping of the inter- 
stellar medium. 

5. SUMMARY AND CONCLUSIONS 

We use stellar masses, star formation activity, axis 
ratios, and group halo masses of galaxies in the SDSS 
to provide a physical interpretation of the morphology- 
density relation and its origin. Our findings are as fol- 
lows. 

• The fraction of galaxies with low specific star for- 
mation rates (quiescent galaxies) increases with 
halo mass. This also holds at fixed galaxy mass 
and for satellite galaxies fSection l3.ip . 

• Quiescent galaxies in high-mass dark matter halos 
(Mhaio > 2.5x10 14 Mq) are significantly more often 
disk dominated than quiescent galaxies in lower- 
mass halos (Section 13. 2j) . 



• This additional population of disk-dominated qui- 
escent galaxies quantitatively matches the in- 
creased fraction of quiescent galaxies in high-mass 
halos (Section 13. 3[) . 

Hence, our findings show that the morphology-density 
relation arises as a result of the increased fraction of disk- 
dominated, quiescent galaxies in high-mass halos, at the 
expense of disk-dominated, star forming galaxies, which 
are more frequently found in low-mass halos. Other stud- 
ies (see Section 4.2) provide evidence that slow stripping 



of the interstellar medium is the most likely explanation 
for the decreased star formation activity of spiral galaxies 
in massive groups. We conclude that the slow stripping 
of gas from spiral galaxies, which does not strongly alter 
its structural properties of a galaxy, likely explains the 
MDR. 

These findings are discussed in the context of the rich 
history of studies on galaxy morphologies and their en- 
vironmental dependence (Section 4). In particular, we 
demonstrate that our conclusions are not incompatible 
with the suite of evidence that SO galaxies and spiral 
galaxies have systematically different properties. Such 
evidence has often, and correctly, been invoked to argue 
that SO galaxies cannot, generally speaking, be stripped 
spiral galaxies. Rather, the stripped, quiescent galax- 
ies that drive the morphology-density relation are only a 
small subset of the entire population quiescent galaxies 
with disks. 
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